LINGO-1 is a component of the tripartite receptor complexes, which act as a convergent mediator of the intracellular signaling in response to myelin associated inhibitors and lead to collapse of growth cone and inhibition of neurite extension. Although LINGO-1's function has been intensively studied, its downstream signaling remains elusive. In the present study, a novel interaction between LINGO-1 and a serine-threonine kinase WNK1 was identified by yeast two-hybrid screen. The interaction was further validated by FRET and co-immunoprecipitation, and this interaction was intensified by Nogo66 treatment. Morphological evidences showed that WNK1 and LINGO-1 were co-localized in cortical neurons. Furthermore, either suppressing WNK1 expression by RNA interference or over-expression of WNK1 (123-510) attenuated Nogo66-induced inhibition of neurite extension and inhibited the activation of RhoA. Moreover, WNK1 was identified to interact with RhoGDI1, and this interaction was attenuated by Nogo66 treatment, further indicating its regulatory effect on RhoA activation. Taken together, our results suggest that WNK1 is a novel signaling molecule involved in regulation of LINGO-1 mediated inhibition of neurite extension.
oligodendrocyte myelin glycoprotein (OMgp) (7) , and Nogo (8, 9, 10) . MAG, OMgp and Nogo bind to the Nogo-66 receptor (NgR) and exert their actions through a tripartite receptor complex NgR /LINGO-1/p75 NTR (11) or NgR/LINGO-1/TROY (12, 13) .
LINGO-1 is a transmembrane protein that contains a leucine-rich repeat (LRR), an immunoglobulin domain, and a short intracellular tail (11) . LINGO-1 functions as an essential component of the NgR complexes that mediate the activity of myelin inhibitors to regulate CNS axon growth (11, 14) . In neurons, the NgR complexes activate RhoA in the presence of myelin inhibitors, which lead to growth cone collapse and neurite extension inhibition (11) . Attenuation of LINGO-1 function is able to overcome the myelin inhibitory activity in the spinal cord that prevents axonal regeneration after lesion in rats (15) . Besides, it has been reported that LINGO-1 is also expressed in oligodendrocytes, where it negatively regulates oligodendrocyte differentiation and axon myelination (16) . Inhibition of LINGO-1 promotes spinal cord remyelination in an experimental model of auto-immune encephalitis (17) . Moreover, Inhibition of LINGO-1 has been shown to enhance survival, structure, and function of dopaminergic neurons in Parkinson's disease models (18) . Although LINGO-1's function has been intensively studied, much less is known about its downstream signaling.
To gain insight into the mechanisms by which LINGO-1 functions, it is of considerable importance to identify new binding-partners of LINGO-1. Therefore, using the intracellular domain of LINGO-1 as bait, we employed yeast two-hybrid screening on a brain cDNA library and 1 identified several candidates that interact with LINGO-1, one of which is the protein kinase WNK1.
WNKs (with no lysine [K] ) are a distinct subfamily of serine-threonine kinases, which are characterized by a unique placement of the lysine that is involved in binding ATP and catalyzing phosphoryl transfer (19) . Thus far, WNKs are known composed of four members, WNK1, WNK2, WNK3 and WNK4. Mutations in the serine-threonine kinases WNK1 and WNK4 cause a Mendelian disease PAHⅡ, featuring hypertension and hyperkalemia (20, 21) , and their roles in the regulation of electrolyte flux in the kidney have been well established (22) . Recently, other important features of WNKs are beginning to be understood. WNKs have also been proposed functioning in a number of non-transport processes, including cell growth, differentiation and apoptosis (23, 24, 25, 26) . Although WNK1 has been shown to be expressed in brain (27, 28) , little is known about its function in nervous system until recently, mutations of a nervous system-specific exon of the WNK1 gene were found to cause Hereditary sensory and autonomic neuropathy type II (HSANII) (29) .
In this study, WNK1 was demonstrated to interact with LINGO-1 and regulate Nogo-induced inhibition of neurite extension.
EXPERIMENTAL PROCEDURES
Plasmid construct-The Full-length LINGO-1 was generated by PCR from a human-brain cDNA library and inserted into the YFP or GFP fusion vector pEYFP-N1 or pEGFP-N1 to generate LINGO-1-YFP or LINGO-1-GFP. The cDNA for intracellular domain (amino acids 580-620) of the human LINGO-1(LINGO-1 ICD ) was sub-cloned in-frame into the GAL4 fusion vector pGBKT7 (Clontech). The cDNA for WNK1 (123-510) was sub-cloned into the pECFP-N1 vector to generate WNK1 (123-510)-CFP. Full length human WNK1 construct EGFP-C2-hWNK1 and rat WNK1 construct pCMV5-myc-rWNK1 were generous gifts from Prof. Peter Jordan and Prof. Melanin H. Cobb, respectively. The pCDNA-myc-RhoGDI1 was kindly provided by Prof. Lan Bao. All of the constructs were fully sequenced.
Yeast two-hybrid screening-Yeast two-hybrid screening was performed according to the manufacturer's protocols (BD Biosciences Clontech). The Saccharomyces cerevisiae strain AH109 was cultured in YPDA (1% wt/vol yeast extract, 2% wt/vol peptone, 2% wt/vol dextrose0.003% adenine), and was transformed with the bait plasmid pGBKT7-LINGO-1 ICD , and mating with Y187 pretransformed with the library plasmids. At least 4.5 × 10 6 individual library clones were screened based on the ability of the transformed yeast to grow on synthetic defined medium deficient in tryptophan, leucine , histidine, and adenine(SD／-Trp/-Leu/-His/-Ade plates) and express β-galactosidase (β-gal). Potential positive clones were selected, and prey-plasmids containing library cDNA inserts were isolated and shuttled into Escherichia coli KC8 cells. After colonies bearing the same AD/library plasmid were eliminated by PCR, positive colonies were further confirmed by testing pACT2-cDNA against GAL4 to eliminate false positives, and then sequenced. The co-transformants were further analyzed for β-gal expression by filter assay as described before (30, 31) . During the analysis, co-transformants of the prey vector pACT2 and bait vector pGBKT7 vector were set as negative control, and yeast mating diploid containing murine p53 and SV40 large T antigen were used as positive control.
FRET measurements with three-channel microscopy-PC12 cells were cultured in DMEM (Gibco BRL) supplemented with 5% fetal bovine serum (FBS) and 10% heat-inactivated horse serum (HyClone) in a humidified 5% CO2 atmosphere at 37°C. For transient transfection, cells were plated onto 8 mm 2 glass coverslips as monolayer in 12-well plates coated with poly-L-lysine and treated with NGF (100ng/ml) for 48 hours and then transfected with equal amount of the pEYFP-N1-LINGO-1 and pECFP-N1-WNK1(123-510) by using Lipofectamine2000 (Invitrogen). After 4 hours' incubation the medium containing transfection reagents were replaced with fresh medium with NGF (100ng/ml) supplement. Thirty-six hours later, 100nM GST-Nogo66 or GST was added to the cells for 3 hours and then washed twice with PBS and then images were taken with an Olympus IX71 inverted microscope equipped with a ×40 objective lens, cooled charge-coupled device cascade 512FCCD camera (Roper scientific, Inc.), dual filter wheels, and an Xenon 85-W light source, all controlled by Image-pro ® plus version 5.0.1 software (MediaCybernetics ).
The quantitative FRET measurement has been described previously (32, 33 Immunoprecipitation and immunoblottingTissue homogenates and cell lysates were prepared as described previously (31) and clarified by centrifugation at 11,200 g for 20 minutes at 4°C. Equal amount (300-500 µl) of supernatants was incubated with 5 µl corresponding antibodies for 2 hours at 4°C. Protein G-agarose beads (Roche) were then added for another 12 hours rotation at 4°C; immunoprecipitated samples were then washed three times with lysis buffer, boiled 3-5 minutes in sample-loading buffer and then subjected to SDS-PAGE, immunoblotted and visualized with enhanced chemiluminescence (ECL, Pierce). The following antibodies were used: rabbit anti-LINGO-1 (1:500, UPSTATE), rabbit anti-WNK1
(1:500, Alpha Diagnostic), monoclonal mouse anti-RhoGDIα (1:1000, Santa Cruz), monoclonal mouse anti-myc (1:1000, Santa Cruz), rabbit anti-GFP(1:1000, Santa Cruz), HRP-conjugated-anti-GAPDH (1:10000, Kangcheng), HRP-conjugated secondary antibody (1:10000, Santa Cruz).
RhoA activity assay-Active RhoA was determined with the GST-Rhotekin-binding domain as described previously (36) . Briefly, cells were treated with 100nM GST-Nogo66 or GST for 60 min then washed with ice-cold PBS and lysed in RIPA buffer (50 mM Tris, pH 7.2, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 10 mM MgCl2, plus protease inhibitors). Clarified cell lysates were incubated with GST-Rhotekin-binding domain (20 µg) bound to beads at 4°C for 60 minutes. The beads were then washed four times in buffer B (Tris buffer containing 1% Triton X-100, 150 mM NaCl, 10 mM MgCl2, plus protease inhibitors) at 4°C. Bound RhoA proteins were detected by Western blot using a monoclonal antibody against RhoA (1:1000, Santa Cruz). The amount of GTP-bound RhoA was normalized to the total amount of RhoA in cell lysates as previously described (36) .
Neurite outgrowth assay-PC12 cells were cultured in DMEM (Gibco BRL) supplemented with 5% fetal bovine serum (FBS) and 10% heat-inactivated horse serum (HyClone) in a 37 °C and 5% CO2 incubator. Cells were seeded on a 12-well plate coated with poly-L-lysine 24 hours before transfection using Lipofectamine2000 After 4 hours' incubation with the transfection medium with NGF (100ng/ml) supplement, and at the same time 100nM GST-Nogo66 or GST were added. Neurite outgrowth assay of PC12 cells was performed 72 hours after transfection as previously described (31), and the cells possessing one or more neurites of a length more than twice the diameter of the cell body were scored as differentiated cells. The data were analyzed by student's t-test and each value was the mean ± S.D. sampled from three independent experiments.
Cortical neurons were isolated from P0 Sprague Dawley rat as previously described (37) and subjected to electro-transfection with Nuclei transfector (AMAXA) according to the instructions. Three hours later the cultures were replaced with fresh Neurobasal-A medium with 2% B27 supplement (Gibco), and at the same time 100 nM GST-Nogo66 or GST were added. Forty eight hours after transfection, cells were observed under a fluorescent microscope (Olympus, excitation 454nm) and the length of the longest neurite of GFP-positive neurons was quantified by MetaMorph image analysis software. The data were analyzed by student's t-test and each value was the mean ± S.D.
RESULTS

WNK1 is identified as a LINGO-1-binding protein in yeast two-hybrid screening.
In an attempt to identify intracellular proteins involved in the regulation of LINGO-1 signaling, a yeast two-hybrid screening was performed with LINGO-1 ICD , the intracellular domain of LINGO-1 (amino acids residues 582-620), as bait (Fig. 1A ). In the screen, 317 potential positive clones were isolated and of these, 56 clones scored positive based on the β-galactosidase filter assay. False positives were further eliminated by testing autonomous activation, and 21 clones remained positive and were subjected to sequencing. One of the positive clones was identified harboring a 1164 bp cDNA fragment that corresponds to amino acid residues 123-510 of protein kinase WNK1 (38) . The region includes the entire kinase domain (amino acid 221-479) plus part of the flanking sequences as shown in Fig. 1B . The interaction between LINGO-1(582-620) and WNK1 (123-510) was further confirmed by co-transformation analysis, according to nutrition selection growth assay as well as β-galactosidase filter assay. In contrast, neither the combination of pGBKT7-LINGO-1 ICD with the prey vector nor of pACT2-WNK1(123-510) with bait vector can initiate the reporter genes (Fig. 1C) . Thus, WNK1 interacts with LINGO-1 in yeast two-hybrid screening system. Fig.2A) . These results suggested that fluorescent protein-tagged LINGO-1 and WNK1 (123-510) are able to interact directly in living PC12 cells, and the interaction can be intensified by Nogo treatment.
WNK1 forms a co-precipitable protein complex with LINGO-1 in brain tissues and cell
lysates. WNK1 has been detected in brain lysate by immunoblotting as previous report (27, 38) . To examine the cellular localization and expression patterns of WNK1, we carried out immunohistochemistry analysis on rat brain slices and primary cultured neurons. As shown in Fig 3A and 3B , in the cortex slices and primary cultured neurons, both LINGO-1 and WNK1 were highly expressed in neurons which were marked by anti-Tuj1 in antibody staining. Furthermore, immunostaining of WNK1 along with LINGO-1 on P0 rat cortex slices showed they could colocalize in the same cells (Fig. 3C) . To further examine the location of these proteins, primary cultured cortical neurons were co-stained with antibodies against WNK1 and LINGO-1. As shown in Fig. 3D , LINGO-1 was predominantly located on membrane, whereas WNK1 seemed more diffusely distributed. Our result suggested LINGO-1 and WNK1 could colocalize in the same cells in brain slices and primary cultured cortical neurons.
To examine whether LINGO-1 and WNK1 form a natural complex in mammalian brain tissues, we performed immunoprecipitation assays. As shown in Fig. 3E , P1 rat brain tissue lysates were immunoprecipitated with anti-WNK1 or anti-LINGO-1, then immunoblotted with anti-LINGO-1 and anti-WNK1 separately. Both LINGO-1 and WNK1 were detected in immunoprecipitates of anti-WNK1 or anti-LINGO-1. As a control, WNK1 and LINGO-1 were detected in brain tissue lysates but not in small intestine tissue lysates. Thus, endogenous LINGO-1 and WNK1 form a co-precipitable protein complex in brain tissues.
To further validate the interaction between LINGO-1 and WNK1, GFP-tagged LINGO-1 and myc-tagged full length rat WNK1 were co-transfected into COS-7 cells then subjected to immunoprecipitation with anti-GFP or control IgG. As shown in Fig.3F , myc-tagged WNK1 was co-immunoprecipitated by anti-GFP, but not by the control IgG, further suggesting the specific association between LINGO-1 and WNK1.
To examine whether the combination between the endogenous proteins response to Nogo66 stimulation, primary cultured cortical neurons were treated with GST-Nogo66 (100nM) or GST (100nM) for 48 hours and then subjected to immunoprecipitation with anti-LINGO-1, and further blotted with anti-WNK1, with an equal proportion of the cell lysate set in parallel for input control. As shown in Fig. 3G , the combination between endogenous LINGO-1 and WNK1 was significantly intensified after Nogo66 treatment, while the endogenous expression of WNK1 was not altered. The quantitative analysis was shown in Fig. 3H . When normalized with GAPDH and standardized by the control (GST-treated group), LINGO-1 bound WNK1 increased by approximate one fold.
Therefore, WNK-1 forms a co-precipitable protein complex with LINGO-1 both in vivo and in vitro, while Nogo66 treatment intensifies the endogenous combination.
WNK1 mediates the inhibitory effect of Nogo on neurite outgrowth in PC12 cells. To identify a possible physiological role of WNK1, the RNAi approach was employed. Two different siRNA sequences were selected and constructed into pSUPER vector, referred as WNK1si-1 or WNKsi-2, respectively. PC12 cells were transfected with either pSUPER/ shWNK1 (WNK1si-1 or WNKsi-2), pSUPER/ scramble (Control si) or pSUPER vector (Control), and subjected to RT-PCR or Western blot 72 hours later. We observed that the level of WNK1 mRNA was significantly suppressed in cells transfected with pSUPER/shWNK1, but it was not affected in the scramble control ( Fig.4A and C) . Western blot analysis also confirmed that each pSUPER/shWNK1 strongly suppressed WNK1 protein levels ( Fig. 4B and D) . These results indicated that promoter-driven endogenous expression of shWNK1 was able to mediate RNAi of WNK1 in PC12 cells. We further performed neurite outgrowth assay in PC12 cells. Followed transfection, all of the PC12 cells were treated with 100 ng/ml NGF for 3 days accompanied with GST-Nogo66 (100 nM) or GST (100 nM). As expected, in the group transfected with pSUPER vector, which was set as a control, cell differentiation rate was significantly decreased in GST-Nogo66 treated PC12 cells (19.2±2.1%, n=213) compared with the GST treated cells (43.3±3.2%, n=221). In contrast, when pSUPER/shWNK1 was transfected, cell differentiation rates were significantly increased and there was no difference between GST (WNK1si-1: 45.3±2.5%, n=211; WNK1si-2: 46.1±2.8%, n=243) and GST-Nogo66 treatment (WNK1si-1: 42.1±2.9%, n=208; WNK1si-2: 46.9±1.9%, n=239) ( Fig. 4E and F) , suggesting knockdown of endogenous WNK1 abrogates Nogo-inhibition in PC12 cell differentiation. Furthermore, when a human full length WNK1, which is resistant to the RNAi approach, was co-transfected with either of the two pSUPER/shWNK1s, the effect of WNK1 RNAi on PC12 differentiation in presence of Nogo66 was abolished (WNK1si-1+hWNK1: GST, 40.5±3%, n=295; GST-Nogo66, 20.1±2.1%, n=265; WNK1si-2+hWNK1: GST, 39.5±3.3%, n=287; GST-Nogo66, 18.1±2.5%, n=245), further indicating the specificity of the WNK1 RNAi. Therefore, endogenous WNK1 mediates the inhibitory effect of Nogo on neurite outgrowth in PC12 cells.
Suppressing WNK1 promotes neurite extension and abrogates the inhibitory response to Nogo in cortical neurons.
To examine the function of WNK1 in neurons, corticalneurons from embryonic day 18 (E18) rats were cultured and transfected with the most effective pSUPER/ shWNK1 (WNK1si-2) or pSUPER (control). As shown in Fig.5A , in pSUPER-transfected neurons (GFP positive), as expected, neurite extension was significantly decreased in GST-Nogo66 treated cells compared with the GST treated cells. In contrast, pSUPER/ shWNK1-transfected neurons showed diminished responses to GST-Nogo66, as is evidenced by the presence of longer neurites than those observed in control cells transfected with pSUPER (Fig. 5B) . These results suggested that WNK1 is involved in mediating Nogo inhibitory effect on neurite extension in cortical neurons.
Overexpressing WNK1 (123-510) attenuates Nogo-induced inhibition of neurite extension.
To test the effect of overexpressing WNK1 (123-510), PC12 cells and primary cultured cortical neurons were transfected with pEYFP-N1-WNK1 (123-510) construct, or pEYFP-N1 vector as a control, then cells were treated with NGF as well as GST-Nogo66 or GST as previously described. In the group transfected with pEYFP-N1 vector, PC12 cell differentiation rate was significantly decreased in GST-Nogo66 treated PC12 cells (20.1±2.9%, n=131) compared with the GST treated cells (47.9±3.5%, n=125). When pEYFP-N1-WNK1 (123-510) was transfected, cell differentiation rate in GST-and GST-Nogo66-treated group were 53.3±4.5% (n=137) and 45.7±5.1% (n=122) respectively, which were significantly increased compared with the group transfected with pEYFP-N1 vector (Fig. 6A, C) . In primary cultured cortical neurons, pEYFP-N1-WNK1 (123-510)-transfected neurons also showed diminished responses to GST-Nogo66, as is evidenced by the presence of longer neurites than those observed in control cells transfected with pEYFP-N1 vector (Fig. 6B,D) . These results suggest that overexpressing WNK1 (123-510) could inhibit Nogo-induced inhibition of neurite extension instead of strengthening it. To explore the underlying mechanism, we further examine whether overexpressing WNK1 (123-510) could affect the interaction between endogenous WNK1 and LINGO-1. PC12 cells were transfected with pEYFP-N1-WNK1 (123-510) or pEYFP-N1 vector. After cultured with GST-Nogo66 (100nM) for two days, cells were lysed and processed to immunoprecipitation, while an equal portion of cell lysate was set aside for quantity control. As shown in Fig. 6E and F, overexpression of WNK1 (123-510) was found to significantly attenuate endogenous WNK1 interaction with LINGO-1.
WNK1 is involved in regulation of Nogo-induced RhoA activation. LINGO-1 has been found to mediate Nogo66 inhibitory signaling by activation of RhoA (39, 11) . To investigate the involvement of WNK1 in Nogo-LINGO-1-RhoA signaling pathway, PC12 cells were transfected with pSUPER/ shWNK1 (WNK1si), or pSUPER vector (Control), or pEYFP-N1-WNK1
(123-510), and none transfection as mock control. After treated with GST-Nogo66 (100 nM) or GST(100 nM) for 1 hour, the activation of RhoA by Nogo66 in these PC12 cells were tested by using GST-fused Rho-binding domain of Rhotekin to precipitate GTP-bound RhoA from the cell lysates (36) . As shown in Fig.7A and D, Nogo66 treatment greatly elevated the level of active RhoA in PC12 cells, which was consistent with the previous report (39) , while knockdown of WNK1 by RNAi could dramatically decrease the elevation of RhoA activity by Nogo treatment. Furthermore, overexpression of WNK1 (123-510) also attenuated the RhoA activation, which was consistent with our previous results in neurite outgrowth analysis. These results indicate that WNK1 is involved in regulation of Nogo-induced RhoA activation.
Rho guanine nucleotide dissociation inhibitors(Rho-GDIs) was considered as central regulatory molecules in Rho GTPase activation, and it had been reported that stimulation with Nogo would lead to release Rho from Rho-GDI (40) . To test whether WNK1 could associate with Rho-GDI1, P1 rat brain tissue extracts were prepared and immunoprecipitated with anti-WNK1 or control IgG. As shown in Fig. 7B , Rho-GDI was co-immunoprecipitated by anti-WNK1, but not by the control IgG, indicating the specific association between endogenous Rho-GDI and WNK1. Meanwhile, this association was also confirmed in the in vitro mammalian expressed system. As shown in Fig.  7C , COS-7 cells co-transfected with myc-tagged RhoGDI and GFP-tagged full length human WNK1 were subjected to immunoprecipitation with anti-GFP or control IgG. As shown in Fig.3F , myc-tagged RhoGDI was immunoprecipitated by anti-GFP, but not by the control IgG, further suggesting the specific interaction between Rho-GDI and WNK1.
To further investigate whether the association between Rho-GDI and WNK1 was affected by Nogo66 treatment, primary cultured cortical neurons were treated with GST-Nogo66 (100nM) or GST (100nM) and then subjected to immunoprecipitation. As shown in Fig.7E and F, the interaction between endogenous Rho-GDI and WNK1 was significantly reduced after Nogo66 treatment, while the endogenous expression of Rho-GDI was not affected. Taken together, these results indicate that WNK1 may mediate regulation of Nogo-induced RhoA activation via interaction with Rho-GDI.
DISCUSSION
Although many axon growth inhibitors have been identified in myelin, MAG, OMgp and Nogo account for most of the CNS myelin inhibitory activities (41, 7) . They share a convergence in mediating inhibitory signaling via the triple receptor complex NgR/ LINGO-1/ p75 (11) or NgR/ LINGO-1/ Troy (12, 13) , in which NgR1 mainly functions as a binding partner for ligands, while the other transmembrane receptors are responsible for signaling transduction. The p75 neurotrophin receptor, a member of the TNF receptor family (42) , has been well documented to serve as a component of several discrete cell surface signaling platforms that perform diverse functions not limited to NgR1 pathway (43, 44) . Also, as an orphan TNF receptor, Troy exhibits a similar function and is considered as a substitute of p75 (12, 13) . In contrast, LINGO-1, selectively expressed in CNS, is a member of an emerging group of central nervous system-enriched, type I surface proteins with an ectodomain containing LRR repeats and motifs found in cell adhesion molecules, which are considered either signaling intracellularly through their cytoplasmic domains or by engagement of other transmembrane proteins in a signaling complex (45) . LINGO-1 acts as an adaptor that connects NgR with p75NTR or TROY by forming the tripartite receptor complex (11, 45, 46) . Interestingly, LINGO-1 seems not always coexist with NgR and p75 (or Troy) (47), indicating additional signaling of LINGO-1 independent with NgR and p75 (or Troy). The cytoplasmic domain of LINGO-1 contains a canonical EGFR-like tyrosine phosphorylation site (11) . A recent study proposed the intracellular domain of LINGO-1 interacts with the postmitotic neuronal specific zinc finger protein Myt1l, suggesting that LINGO-1 may regulate Myt1l transcription factor activity by affecting its subcellular localization (47) . In the present study, we employed a yeast two-hybrid screen by using the intracellular domain of LINGO-1 as bait and identified the protein kinase WNK1 as a LINGO-1-binding candidate. In addition, the interaction between WNK1 and LINGO-1 was validated in living cells by FRET and in brain tissue lysates or an in vitro mammalian expressing system by co-immunoprecipitation, demonstrating WNK1 as a novel LINGO-1-binding partner. Furthermore, Nogo66 treatment was found to intensify this combination, indicating WNK1 may play a role in LINGO-1 mediated Nogo66 signaling.
The functions of WNK1 on ion homeostasis and transportation, which contribute greatly to the regulation of blood pressure, have been well studied (48-55, see 22, 56, 57 for review). It has been reported that WNK1 is expressed widely including in brain (27, 28, 38, 58) . Recently, a more detailed profile of WNK1 expression in both the CNS and PNS was examined (29) . Moreover, a nervous system-specific exon of the WNK1 gene, also known as a single-exon ORF hereditary sensory neuropathy type II (HSN2), mutations of which was originally identified in affected families were found to cause Hereditary sensory and autonomic neuropathy type II (HSANII) (29) . In the present study, we showed WNK1 was highly expressed in the cortex, particularly, within the same neuron with LINGO-1. Suppression of WNK1 was found to promote neurite extension and abrogate the inhibitory response to Nogo66 in PC12 cells and cortical neurons. More importantly, overexpression of WNK1 (123-510), which binds to LINGO-1, also came out to attenuate Nogo-induced inhibition of neurite extension in cortical neurons. Taken together, these results strongly suggest that WNK1 is involved in regulating Nogo signaling during neuronal differentiation.
As shown in Fig.4 and 5, attenuation of WNK1 by RNAi would also, to some extent promote PC12 differentiation and cortical neurons neurite extension in the absence of Nogo. Whether PC12 cells and cortical neurons constitutively secrete Nogo or related inhibitory molecules to the medium or WNK1 itself is a negative regulator of neurite outgrowth independent of Nogo action? To examine this, we performed IHC staining on both PC12 cells and cortical neurons with anti-NogoA and anti-NgR antibodies. As shown in Supplementary Figure 1 , both NogoA and NgR are expressed on cortical neurons and PC12 cells. It is possible that Nogo or other related inhibitory molecules would secret into medium, which might be the source of the "background activation" of LINGO-1 without adding exogenous Nogo. On the other hand, WNK1 itself may not serve as a negative regulator of neurite outgrowth independent of Nogo action, as overexpression of full length WNK1 in PC12 cells did not affect NGF-induced PC12 differentiation, either in presence of GST or GST-Nogo66 (Supplementary Figure 2) . From another point of view, it seems that endogenous WNK1 is adequate or enough to regulate LINGO-1 signaling activated by Nogo in PC12 cells.
WNK1 was first identified as the prototype of WNKs family of serine-threonine kinases, characterized with the unique substitution of cysteine for lysine at catalytic domain (27) . Besides a serine-threonine kinase domain, there are three potential coiled-coil and four proline-rich regions, a glutamine-rich region, two serine-rich regions and multiple SH3 domain-binding motifs, as well as a potential bipartite nuclear localization signal, which may contribute to their discrete functional states that impart different effects on downstream effectors (38) . It has been reported that WNK family members function via both kinase-dependent and kinase-independent mechanisms. For example, WNK1 acts upstream in the ERK5 3-mitogen-activated protein kinase (MAPK) pathway and can phosphorylate the MAPK kinase kinases MEKK2 and MEKK3 (49, 59) . On the other hand, independent of its kinase domain, WNK1 is a negative regulator of insulin-stimulated cell proliferation (50) . In the present study, overexpression of WNK1 (123-510), which keeps a constitutive serine-threonine kinase activity (60), did not strengthen Nogo-induced inhibition of neurite extension and RhoA activation but came to attenuate them. Our results further showed that overexpression WNK1 (123-510) inhibited the interaction of endogenous WNK1 with LINGO-1, indicating that the serine-threonine kinase domain may serve as a binding platform and the kinase activity may be unnecessary to mediate LINGO-1 signaling.
Nogo has been reported to activate the small GTPase RhoA in a LINGO-1-dependent manner to exert its inhibitory activity on neurite extension (11, 39) . In this study, knockdown of WNK1 by RNAi was found to attenuate Nogo induced RhoA activation, suggesting a regulating role of WNK1 on Nogo-induced RhoA activation. RhoA acts as binary switches, which cycle between the GDP-bound inactive state and the GTP-bound active conformation (61) . The GDP dissociation inhibitors (GDIs)are pivotal regulators for Rho GTPase function, as they control the access of Rho GTPases to regulatory guanine nucleotide exchange factors and GTPase-activating proteins, to effector targets and to membranes where such effectors reside (62, 63, 64) . RhoGDI1 is ubiquitously expressed and has the binding specificity for Rho family GTPases (RhoA, Rac, Cdc42), which play an essential role in the control of cellular morphology, for example neurite extension (65, 66) . A previous work has shown that the association of p75 with Rho-GDI was enhanced by Nogo, and p75 has an ability to release RhoA from Rho-GDI (40) , which demonstrated that activation of RhoA by Nogo through p75 may be attributable, at least partly, to Rho-GDI displacement. A recent study further reported that Kalirin9, a dual RhoGEF, binds p75 directly and regulates p75-Nogo receptor-dependent RhoA activation in response to myelin-associated glycoprotein (67) . In line with this finding, we found WNK1 associated with RhoGDI and Nogo66 treatment would promote RhoGDI's dissociation from WNK1. It is possible that the interaction of LINGO-1 with WNK1 may bring Rho-GDI-RhoA close to p75
bound GEFs, such as Kalirin9, thereby facilitating RhoA activation, although other guanine nucleotide exchange regulatory factors may also be cooperative in this process. The precise mechanism underlying the regulation of RhoA activation by LINGO-1-WNK1 interaction remains to be investigated.
In summary, WNK1 was identified to interact with LINGO-1 and regulate Nogo-induced inhibition of neurite extension. These results may shed new light on both LINGO-1 and WNK1's signaling in neuronal differentiation. The cell lysates were affinity-precipitated with GST-RBD to detect GTP-bound Rho as mentioned in Experimental procedures, and total Rho in cell lysate was set aside as inputs. Quantification shows in D, where GTP Rho levels were normalized to total Rho protein levels in the cell lysate and presented as fold of Mock control. B. Co-immunoprecipitation of WNK1 with Rho-GDI was performed using lysates prepared from P1 rat brain tissue using rabbit IgG for control, and cell lysate was set in parallel at the same time. C. Immunoprecipitation shows full length WNK1 and RhoGDI interacts in COS-7 cells co-transfected with myc-tagged RhoGDI and GFP-tagged full length human WNK1. The rabbit IgG was used as the immunoprecipitation control, and the heavy chain of IgG visualized for input control. E. Co-immunoprecipitation of WNK1 with RhoGDI in primary cultured cortical neurons treated with GST-Nogo66 or GST. F. Quantification of WNK1 bound RhoGDI or endogenous expressed RhoGDI. The blots of RhoGDI were first normalized with
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